Fluctuating extracellular Ca 2+ regulates many aspects of neuronal (patho)physiology including cell metabolism and respiration. Using fluorescence-based intracellular oxygen sensing technique, we demonstrate that depletion of extracellular Ca 2+ from 1.8 to ≤ 0.6 mM by chelation with EGTA induces a marked spike in O 2 consumption in differentiated PC12 cells. This respiratory response is associated with the reduction in cytosolic and mitochondrial Ca 2+ , minor depolarization on the mitochondrial membrane, moderate depolarization of plasma membrane, and no changes in NAD(P)H and ATP. The response is linked to the influx of extracellular Na + and the subsequent activation of mitochondrial Na + /Ca 2+ and Na + /H + exchange. The mitochondrial Na + /Ca 2+ exchanger ( m NCX) activated by Na + influx reduces Ca 2+ and increases Na + levels in the mitochondrial matrix. The excess of Na + activates the mitochondrial Na + /H + exchanger (NHE) increasing the outward pumping of protons, electron transport and O 2 consumption. Reduction in extracellular Na + and inhibition of Na + influx through the receptor operated calcium channels and plasmalemmal NHE reduce the respiratory response. Inhibition of the m NCX, L-type voltage gated Ca 2+ channels or the release of Ca 2+ from the endoplasmic reticulum also reduces the respiratory spike, indicating that unimpaired intercompartmental Ca 2+ exchange is critical for response development.
Introduction
In brain tissue, Ca 2+ uptake during sustained neurotransmission or ischemia/reperfusion can lead to fast reduction in e Ca 2+ (indices e, i and m define extracellular, intracellular and mitochondrial localization, respectively) from millimolar to micromolar levels [1] [2] [3] . Profound decreases in e Ca 2+ induce transient depolarization of plasma membrane, alter selectivity of Ca 2+ channels [4] and increase ion currents through Ca 2+ -sensing non-selective cation channels [5] .
e Ca 2+ also functions as first messenger triggering intracellular signaling cascades. At least two receptors can convert fluctuations in e Ca 2+ into signals regulating cell metabolism: the non-selective cation channel and the G-protein-coupled Ca 2+ -sensing receptor [5, 6] , which is highly expressed in hypothalamus and corpus striatum and associated with nerve terminals [7] . Activity-dependent depletion of e Ca 2+ in synaptic contacts [8] can therefore be considered as a form of synaptic signaling in the brain [9] . During ischemic stroke and excitotoxicity [1, 10] pronounced decreases in e Ca 2+ are associated with hypoxia-dependent metabolic and transcriptional responses [11] .
Neurotransmission is normally triggered by e Ca 2+ influx, which induces Ca 2+ release from the ER [12] . On the other hand, e Na + influx induced by e Ca 2+ depletion during sustained neuronal activity, such as high-frequency bursts in hippocampal neurons, may also lead to neurotransmitter release [13, 14] . Several pathways have been proposed for the e Na + influx during e Ca 2+ depletion [3] , including the selective Ca 2+ channels [15] and the transient receptor potential cation channel, TRPM7 [5, 16] . In turn, elevated i Na + activates the mitochondrial Na + /Ca 2+ exchanger, m NCX [17] . The resulting m NCXdriven extrusion of Ca 2+ from mitochondria evokes neurotransmission, which may occur even in the absence of e Ca 2+ [18] . Overall, mitochondria provide neurons with energy, modulate neurotransmission and shape i Ca 2+ transients upon cell stimulation [19, 20] , whereas i Ca 2+ regulates both Krebs cycle and oxidative phosphorylation (OxPhos) [21] [22] [23] [24] . Oxygen consumption rate is one of the key parameters of bioenergetics and metabolic responses of neuronal cells, however, the links between e Ca 2+ signaling and respiration are not fully understood.
Recently we have developed a new technique for the monitoring of oxygen levels (O 2 ) within populations of adherent cells with morphology and functionality close to their native state [25] . This technique facilitates quantification of local, intracellular O 2 levels by means of dedicated O 2 sensing probe loaded into the cells by facilitated transport and phosphorescence lifetime measurements [26] . It also allows real-time monitoring of rapid changes in cellular respiration upon stimulation. In this study, we describe a marked, transient activation of respiration in differentiated PC12 and other cells in response to the depletion of e Ca 2+ which was identified using this technique. We also elaborate the mechanisms of this new phenomenon using an extended panel of markers of cell metabolism and ion fluxes, and their pharmacological regulators. We conducted a comprehensive study of these effects in PC12 cells derived from rat adrenal pheochromocytoma, which represent a common model used in neuronal research. Upon differentiation PC12 cells demonstrate gene expression profiles, neurotransmitter production/release and other features typical for neuronal cells [27, 28] , while both OxPhos and glycolysis serve as potent sources of cellular ATP [26, 29] .
Materials and methods
Endo-Porter was from Gene Tools, LLC (Philomath, OR). Lipofectamine 2000, OptiMEM I, Fluo-4 AM, Fura Red AM, CoroNa Green AM, MitoTracker Green FM (MTG), bis-(1,3-diethylthiobarbituric acid) trimethine oxonol (DiSBAC 2 (3)), 3′-(p-aminophenyl) fluorescein (APF), dihydrorhodamine 123 (DHR) and tetramethyl rhodamine methyl ester (TMRM) were from Invitrogen Life Technologies. Collagen IV, 2′,7′-Bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), valinomycin and nigericin were from Fluka. 4-Chloro-mcresol (CmC)-from Merck Biosciences. 1-[β-(3-(4-Methoxyphenyl) propoxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride (SKF-96365), 2-amino-ethoxybiphenyl borane (2-APB), 7-chloro-5-(2chlorophenyl)-1,5-dihydro-4,1-benzotiazepin-2(3H)-one (CGP37157), 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) 2-amino-7phosphono-heptanoic acid (DL-AP7) were from Tocris (Bristol, UK), plasma membrane potential indicator PMPI was from Molecular Devices (Sunnyvale, CA). Plasticware was from Sarstedt (Ireland), MatTek (Ashland, MA) and Greiner Bio One, (Frickenhausen, Germany). 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), tetrodotoxin (TTX), aconitine, ethylene glycol tetraacetic acid (EGTA), diazoxide, 5-hydroxydecanoic acid and other reagents were from Sigma-Aldrich.
The membrane-targeted version of the GFP-based Case12 Ca 2+ biosensor [30] , mem Case12, was produced by step-out PCR fusion with neuromodulin N-terminal 20 amino acid sequence containing signal for posttranslational palmitoylation of cysteins 3 and 4, which targets Case12 to cell membrane [31] . Then DNA fragment encoding mem Case12 was swapped for TurboGFP within mammalian expression vector pTurboGFP-N (Evrogen JSC, Russia). The mitochondriatargeted version of Case12, mito Case12, was generated by swapping the HyPer sequence in HyPer-dMito vector (Evrogen JSC, Russia) for Case12; double mitochondrial targeting sequence derived from subunit VIII precursor of human cytochrome C oxidase [32, 33] was fused to Case12 N′-terminus. Specificity of mito Case12 delivery to mitochondria was confirmed by 91 ± 5% co-localization with TMRM ( Fig. S1 ). The pcDNA3.1/nv5-DEST plasmid encoding PGC-1α was a gift from Dr. Bernard Alan (Genentech, USA), the plasmid encoding the GFP-based mitochondrial pH sensor mtAlpHi [34] was kindly provided by Prof. Tullio Pozzan (University of Padua, Italy). 0.5 M EGTA stock solution was prepared by dissolving EGTA in 1 M NaOH. Residual e Ca 2+ concentration after the addition of EGTA was determined using the on-line EGTA calculator: http://brneurosci. org/egta.html.
Cell culture
Rat pheochromocytoma (PC12), human colon cancer (HCT116), mouse embryonic fibroblasts (MEF), human neuroblastoma SH-SY5Y, human hepatocellular carcinoma (HepG2), human cervical carcinoma (HeLa) and Chinese Hamster Ovarian (CHO) cells were obtained from the European Collection of Cell Cultures. B-lymphoblasts immortalized with Epstein Barr Virus (EBV) were a gift from Prof. Tommie McCarthy (UCC, Cork). Unless specified otherwise, PC12 cells were cultured in RPMI 1640 medium supplemented with 2 mM Lglutamine, 10% horse serum (HS), 5% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin (P/S), at 5% CO 2 . The cells were seeded at 5 × 10 4 cells/well, in 96-well transparent plates (Sarstedt, Ireland), pre-coated with collagen IV and differentiated for 3-5 days in RPMI supplemented with 1% horse serum, P/S, and 100 ng/ml nerve growth factor (NGF). For live cell imaging, PC12 cell were differentiated on glass bottom mini-dishes (MatTek, Ashland, MA) coated with a mixture of collagen IV (0.007%) and poly-D-lysine (0.003%). HepG2, MEF, HeLa and SH-SY5Y cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine and P/S, CHO -in Ex-Cell CHO DHFR − medium supplemented with 4 mM Lglutamine and 1 μM methotrexate, HCT116-in McCoy medium supplemented with 10% FBS, 2 mM L-glutamine and P/S, B-lymphoblasts-in RPMI (plus 10% FBS, 2 mM L-glutamine and P/S). For the i O 2 assay HepG2, MEF, HeLa and CHO cells were seeded at 2-4 × 10 4 per well, SH-SY5Y and HCT116 cells-at 8 × 10 4 per well, B-lymphoblastsat 1 × 10 5 per well. Collagen IV coated plates (0.001%) were used for MEF, CHO and B-lymphoblasts. All cells were grown to 95-100% confluence prior to loading with O 2 -sensitive probe. All the experiments with PC12 were conducted with differentiated cells.
Preparation of primary cerebellar granule neurons
Cerebellar granule neurons (CGN) were prepared as described previously [35] . Cerebella from 7 day old Sprague-Dawley rats were dissected, placed in 0.25 mg/ml trypsin and incubated at 37°C for 20 min. Trypsinization was terminated by the addition of an equal volume of 0.05 mg/ml soybean trypsin inhibitor, 3 mM MgSO 4 , and 30 U/ml DNase I. The neurons were then triturated, resuspended in culture medium, plated on poly-L-lysine-coated glass dishes (Willco, The Netherlands) (1 ml) or on 96 well plates (200 μl) at 1 × 10 6 cells/ ml and maintained at 37°C in a humidified atmosphere of 5% CO 2 /95% air. Twenty-four hours later, 10 μM cytosine arabinoside was added to inhibit the growth of non-neuronal cells. Neurons were maintained in culture for 7 days prior to use. Animal experiments were reviewed and approved by the Research Ethics Committee of the Royal College of Surgeons in Ireland and performed under license from the Department of Health & Children.
Loading of the cells with probes
For the i O 2 assay, cells were loaded by incubating them for 28 h in regular medium containing 1.2 μM MitoXpress O 2 probe (Luxcel Biosciences, Ireland) and 6 μM Endo-Porter, as described [26] . Transfection with mem Case12, mito Case12, mtAlpHi and PGC-1α plasmids was carried out using Lipofectamine and OptiMEM I medium (Invitrogen), as per manufacturer procedure. Loading with fluorescent sensors was performed in serum free DMEM as follows: 20 nM TMRM, 25 nM MTG FM, 1 μM DiSBAC 2 (3), 2.5 Fluo-4 AM (4 μM when co-staining with Fura Red), 10 μM Fura Red AM, 2.5 μM BCECF AM-all for 30 min, 10 μM APF or DHR for 45 min, 3 μM CoroNa Green AM for 20 min. Deesterification of all AM/FM probes was performed for 15 min prior to each experiment, except for CoroNa Green. Description of specificity of the probes is given in Section 3.
Primary CGN were loaded with 20 nM TMRM, 3 μM Fluo-4 AM or PMPI (0.5 μl/ml stock) for 30 min at 37°C and then measured in buffer containing 120 mM NaCl, 3.5 mM KCl, 0.4 mM KH 2 PO 4 , 20 mM HEPES, 5 mM NaHCO 3 , 1.2 mM Na 2 SO 4 , 1.2 mM CaCl 2 , 1.2 mM MgCl 2 , and 15 mM glucose, pH 7.4, as described [36] .
In the majority of the experiments the probes were used individually, although some were also used in combinations, when their spectral, spatial and functional characteristics allowed simultaneous loading and measurement. Probe pairs were: TMRM (mitochondrial membrane potential, ΔΨm) and Fluo-4 (cytosolic Ca 2+ ) or BCECF (cytosolic pH), Fluo-4 and DiSBAC 2 (3) (plasma membrane potential, ΔΨp), TMRM and mito Case12. Since mito Case12, when expressed at very high levels, decreased the TMRM staining, we selected for the analysis only the cells with unaffected TMRM signal. Acquisition of each spectral signal was done in sequential laser mode with emission gates adjusted to avoid overlaps.
During the measurements, TMRM, DiSBAC 2 (3), PMPI and CoroNa Green probes were maintained in solution at 20 nM, 0.25 μM, 0.5 μl/ml and, 3 μM, respectively. All the experiments with PC12 cells described in Sections 2.4 and 2.5 were carried out in serum-free DMEM containing 25 mM HEPES and 25 mM NaHCO 3 , pH 7.4. To suppress glycolytic pathway of ATP generation [37] , cells were preincubated for 3 h and analysed in serum and glucose free medium, containing 10 mM galactose and 1 mM pyruvate (galactose(+) medium).
Intracellular O 2 sensing assay
Typically, a standard 96-well plate containing 24 samples of PC12 cells pre-loaded intracellularly with the MitoXpress probe and containing 90 μL of air-saturated medium were measured on a timeresolved fluorescence (TR-F) reader Victor 2 (PerkinElmer Life Science) at 37°C using standard 340 nm excitation and 642 nm emission filters. Each sample well was measured repetitively every 1-3 min taking two intensity readings at delay times of 30 and 70 μs and gate time of 100 μs [25] . The plate was monitored for 10-20 min to reach gas and temperature equilibrium and obtain basal signals, then withdrawn from the reader, compounds were added to the cells (10 μL of 10× stock solution) and monitoring was resumed. Measured TR-F intensity signals were converted into phosphorescence lifetime (τ), then converted into i O 2 concentration (μM): [ i O 2 ] = −0.0016τ 3 + 0.3231τ 2 − 22.244τ + 522.96, and plotted as time profiles. Control samples and repetitive additions were incorporated as appropriate.
Measurement of NAD(P)H, ATP, ΔΨ m , ΔΨ p , intracellular Ca 2+ , Na + , pH and ROS
In confocal live cell fluorescence imaging, the APF, DHR, CoroNa Green, BCECF, MTG, Fluo-4, mito Case12, mem Case12 and mtAlpHi probes were excited at 488 nm (5%, 2.5%, 5%, 0.5%, 2%, 5%, 1.5%, 1.5%, 10% of laser power) with emission collected at 500-550 nm and monitored on Olympus FV1000 confocal laser scanning microscope with controlled CO 2 , humidity and temperature. TMRM and DiSBAC 2 (3) probes were excited at 543 nm (1.5% and 1%, respectively) collecting emission with a 555-600 nm filter. PMPI was excited at 514 nm (2% of laser power) and the emission collected through a 530-600 nm filter. For Fura Red excitation/emission were adjusted to 488/ 620-670 nm (10% of laser power). Cells co-stained with Fluo-4 and Fura Red indicators were excited at 488 nm, and fluorescence was collected at 500-550 nm and 620-670 nm, respectively. The Fluo-4 fluorescence increases on Ca 2+ binding, whereas Fura Red signal decreases. To demonstrate the changes in i Ca 2+ , we used the ratio of Fluo-4 and Fura Red emissions, as a ratiometric index independent on the probe leakage and bleaching, changes in cell volume or shape, similarly to [38] . In all experiments the fluorescent and differential interference contrast (DIC) images were collected with a 60× oil immersion objective in two planes using 0.5 μm step and 20 s intervals. The resulting z-stacked images were analyzed using FV1000 Viewer software (Olympus) and Adobe Photoshop and Illustrator. NAD(P)H auto-fluorescence was observed using an Axiovert 200 M confocal microscope, with excitation 375 ± 25 nm, emission 448 ± 32 nm. Images were recorded using a back illuminated, cooled EM CCD camera (Andor Ixon BV 887-DCS, Andor, Belfast, Northern Ireland). Filters and dichroic mirrors where made by Semrock (Rochester, NY, USA). The imaging setup was controlled by MetaMorph software (Molecular Devices, Berkshire, UK). The calculation of ΔΨ m and ΔΨ p , the cell and mitochondria volumes for PC12 cells was done as described [36] . TMRM redistribution constant for CGN was set as 0.008 s −1 . NAD(P)H auto-fluorescence (optimum excitation/emission-355 nm/460 nm) was also monitored on Victor 2 plate reader [26] , using the addition of antimycin A (8 μM) and FCCP (1 μM) as positive and negative controls (maximal and minimal signal, respectively). Cellular total ATP was quantified using CellTiter-Glo® Assay (Promega, Madison) on white 96-well plate (Greiner Bio One, Frickenhausen, Germany). Conditions of treatment with various effectors (dose, timing, media) are described in Section 3.
Statistics
All sets of data were evaluated for statistical difference using twotailed Student's t-test. The 0.01 level of confidence was accepted as statistically significant. One and two asterisks are given to the 0.01 and 0.001 levels of confidence, respectively. Plate reader data are presented as average values ± standard deviation for six repeated wells (presented as well as error bars on the plots). Imaging data show the pattern typical for 3-5 experiments. The profiles obtained during the live cell image analysis represent average values ± standard deviation for 6-10 individual cells. All the experiments were repeated 3-5 times to ensure consistency of results.
Results

Depletion of e Ca 2+ induces a pronounced spike in cell respiration
In a dense monolayer of resting PC12 cells cultured under static conditions O 2 concentration is reduced compared to bulk solution due to cell respiration, the degree of local deoxygenation being a function of respiratory activity of the cells. Loading of the cells with an O 2sensitive probe allows monitoring of dynamics of cell respiration by means of TR-F measurements and phosphorescence lifetime-based O 2 sensing [26] . We found that depletion of e Ca 2+ by EGTA induced a marked respiratory spike in PC12 cells, seen as a rapid transient decrease in the i O 2 concentration ( Fig. 1A, B ). This respiratory response was dependent on the EGTA concentration and became significant at physiologically relevant levels of residual e Ca 2+ [1] . Thus, in glucose(+) medium the response was detectable upon the addition of 1.2 mM EGTA, i.e. when e Ca 2+ dropped from 1.8 to 0.6 mM. Inhibition of glycolytic ATP supply by pre-conditioning PC12 cells in glucose(−)/galactose(+) medium (this is known to activate OxPhos [37] ), elevated basal respiration rate and amplified the response to EGTA. We observed significant spike in respiration already at 0.75 mM EGTA, which corresponded to ∼ 1 mM of residual e Ca 2+ . Pre-treatment of PC12 cells with ETC complex III inhibitor antimycin A reduced the response to e Ca 2+ depletion by N90% ( Fig. 1A) .
A similar type of response was reported for sustained depolarization of plasma membrane of PC12 cells with 100 mM K + , which was largely due to the release of Ca 2+ from intracellular stores (even in e Ca 2+ -free conditions) [26] . We examined the relationship between these two responses by applying KCl at different time intervals, indicated by arrows (Fig. 1C ) after the addition of 2.5 mM EGTA. Although individual responses to e Ca 2+ depletion and high e K + were similar in shape, dual treatment revealed their independence and additive character. When the two respiratory responses overlapped in time, the overall profile was significantly enhanced and broadened.
Using primary cerebellar granule neurons and non-neural cells with high respiration rate such as MEF and HCT116 we also observed strong transient response to e Ca 2+ depletion ( Fig. 1D, Fig. S2 ), whereas the low-respiring HeLa and B-lymphoblasts did not generate pronounced response. Non-differentiated neuroblastoma cells SH-SY5Y also showed rather weak response to EGTA treatment. In HepG2 and CHO cells, depletion of e Ca 2+ evoked moderate responses. We also increased mitochondrial biogenesis in PC12 cells by overexpression of peroxisome proliferator-activated receptor γ coactivator 1α PGC-1α [39] . Similar to what was previously reported [40] , the cells over-expressing PGC-1α significantly increased (by 85 ± 65%) average intensities of both the potentiometric TMRM ( Fig. 1E , F) and the potential-independent MTG (not shown) probes. In such cells the respiratory response to e Ca 2+ depletion in galactose(+) medium was increased significantly (Fig. 1F) .
To verify the specificity of the response to Ca 2+ depletion rather than EGTA, control experiments were conducted. First, we treated cells with 1.25 and 2.5 mM EGTA pre-incubated with equimolar Ca 2+ concentrations (no binding sites for Ca 2+ ), and found that it abolished the respiratory response ( Fig. S3, A) . Second, we replaced EGTA with EDTA and BAPTA, which have different affinities and specificities for Ca 2+ . These chelators induced similar responses, thus confirming that an increase in respiration is driven by e Ca 2+ depletion (Fig. S3, B) . When KOH was used for making up EGTA stock solution instead of NaOH (thus, Na + in the medium was replaced by K + ), the response to EGTA addition remained unchanged (Fig. S3, C) . It is worth noting that rapid lowering of e Ca 2+ by perfusion or large dilution of the sample is not applicable to this model, since this would destroy local O 2 gradients generated by the monolayer of respiring cells and disallow measurement of rapid and transient respiratory responses. Thus, the addition of increased volume of EGTA markedly decreased the response (Fig. S3, D) .
Apart from e Ca 2+ chelation, EGTA addition is associated with considerable changes in ion composition of the medium. Firstly, EGTA contains approximately two equivalents of Na + ions which increase e Na + by ≤10 mM. Secondly, Ca 2+ chelation by EGTA releases H + , thus reducing the pH of buffered medium (see Section 2) by up to 0.22 units. Therefore, we analyzed the effects of changes in extracellular Na + and pH on cell respiration. The changes in e Na + were found to contribute up to 15-20% of the total response to EGTA, whereas medium acidification with HCl had no effect on the respiration (Fig. S3, E) .
Based on these experiments, we concluded that the respiratory response of PC12 cells to e Ca 2+ depletion is a prominent bioenergetic event linked to the mitochondrial function.
Changes in cell bioenergetics upon e Ca 2+ depletion
To elaborate the molecular mechanisms of the respiratory response to e Ca 2+ depletion, we investigated a number of relevant bioenergetic parameters and ion concentrations in PC12 cells. Confocal imaging revealed a short spike followed by a minor reduction in fluorescence of TMRM probe (mitochondrial membrane potential, ΔΨ m ), along with a moderate increase in fluorescence of DiSBAC 2 (3) probe (plasma membrane potential, ΔΨ p ) after the addition of 2.5 mM EGTA ( Fig. 2A) . Correction of the two signals for cross-sensitivity [36] gave us a decrease in ΔΨ m of ∼ 5 mV and in ΔΨ p of ∼ 7 mV, compared to non-stimulated PC12 cells (Fig. 2B) .
A significant decrease in the ratio of the Fluo-4 and Fura Red fluorescence after EGTA addition (by ∼ 25% over 4-5 min, Fig. 2C ), revealed a reduction in i Ca 2+ . The decrease in i Ca 2+ was confirmed by the Ca 2+ -biosensor mem Case12 which detects Ca 2+ in the cytosolic regions adjacent to plasma membrane [30] . mem Case12 showed a decrease in fluorescence by 35 ± 5% (Fig. 2C ). Since all Case12-based sensors also show sensitivity to pH, we checked the effect of EGTA addition on the cytosolic pH in PC12. Cytosolic pH probe BCECF, which was calibrated at pH 5.5-8.0 with high K + buffer according to [41] , showed a decrease in fluorescence upon e Ca 2+ depletion, which corresponded to cytosol acidification from pH 7.3 to 7.2 (Fig. 2D ). Considering that Case12 calcium sensors have an apparent K d = 1 μM and pKa = 7.2 [30] , and that free Ca 2+ in cytosol was 100-150 nM, the contribution of cytosol acidification to the observed drop in mem Case12 fluorescence was determined to be below 10% of the total response.
Changes in m Ca 2+ were assessed using the mito Case12 sensor, which showed a decrease in fluorescence by 45 ± 5% ( Fig. 2E,F) . Again, ∼20% of this decrease was due to the acidification of mitochondrial matrix (Fig. 2G) . The mitochondrial pH sensor mtAlpHi [34] showed that the first phase of the m Ca 2+ decrease coincided with the reduction in mitochondrial pH. However this decrease was significantly smaller than the drop after the complete dissipation of ΔpH m with nigericin. Despite the marked reduction in both m Ca 2+ and i Ca 2+ , EGTA caused no significant changes in cellular NAD(P)H and ATP levels upon e Ca 2+ depletion ( Fig. 2H and I) . Moreover, subsequent depolarization of plasma membrane by high e K + transiently elevated both ATP [26] and NAD(P)H levels in PC12 cells (Fig. S4 ). Using the APF and DHR probes, we found no significant changes in ROS production after EGTA treatment, compared to the untreated PC12 cells (Fig. S5 ).
The addition of 2.5 mM EGTA to CGN (primary neurons) induced similar changes in bioenergetic parameters with a minor transient shift in ΔΨ m (increased TMRM fluorescence), modest but prolonged depolarization of ΔΨ p (increased PMPI fluorescence) and a progressive decrease in i Ca 2+ (Fig. S6) . In summary, the respiratory response to e Ca 2+ depletion in PC12 and other neurosecretory cells is associated with partial depolarization of ΔΨ p , reduction in i Ca 2+ and m Ca 2+ , and no changes in NAD(P)H, ATP and ROS levels.
Role of ΔpH m and ΔΨ m in the respiratory response to e Ca 2+ depletion
In glucose(+) medium, ETC uncoupling with 1 μM FCCP was seen to increase the respiratory response to e Ca 2+ depletion by 80-90% (Fig. 3A) . Inhibition F0F1 ATPase by pre-treatment with 10 μM oligomycin reduced this effect by ∼50%. Dual treatment with FCCP/ EGTA in galactose(+) medium enhanced the respiration such that the cells became practically anoxic for ∼ 5 min (Fig. 3B ). This was surprising, since in uncoupled mitochondria the ETC is expected to work with maximal capacity. We performed additional experiments applying different concentrations of FCCP and EGTA to the cells preincubated in galactose(+) medium, and found that PC12 cells uncoupled by ≤0.75 μM FCCP strongly respond to the addition of 2.5 mM and 1.25 EGTA (Fig. S7) . At higher FCCP concentrations the response to e Ca 2+ depletion was decreased.
The analysis with DiSBAC 2 (3) and TMRM probes (Fig. 3C ,D) revealed hyperpolarization of ΔΨ p by 5 mV (Fig. 3F ) and depolarization of ΔΨ m by 135 mV after the addition of FCCP. This coincided with the increase in Fluo-4 signal by 40% which we attributed to the release of m Ca 2+ and inactivation of Ca 2+ uniporter (Fig. 3C, E) . This was confirmed by the rapid 40-50% decrease in mito Case12 fluorescence (Fig. 3G ). Subsequent addition of EGTA further depolarized ΔΨ m by 10-15 mV, reduced ΔΨ p by 10 mV (Fig. 4C-F) , lowered i Ca 2+ , and decreased mito Case12 signal (Fig. 3G) .
FCCP is known to dissipate ΔΨ m and reduce ΔpH m . To elaborate the contribution of these parameters to the respiratory response, we altered them selectively with 1 μM valinomycin and 5 μM nigericin prior to EGTA treatment. The K + ionophore valinomycin, which rapidly disrupts ΔΨ m , slightly increased the response to EGTA in glucose(+) medium (Fig. 3H ) with a higher increase in galactose(+) medium (similar to FCCP, not shown). The H + /K + exchanger nigericin, which dissipates ΔpH m and hyperpolarizes ΔΨ m by ∼30 mV [36] , did not affect the response. Dual treatment with valinomycin and nigericin practically abolished the response to EGTA due to full dissipation of the proton motive force. Finally, m K + ATP channels activator diazoxide and blocker 5-hydroxydecanoic acid (both are known to modulate ΔΨ m [42, 43] ), did not change the response to EGTA (data not shown). Taken together, these results show that both the ΔΨ m and ΔpH m are essential for the respiratory response to e Ca 2+ depletion.
3.4. The response to e Ca 2+ depletion is driven by the influx of e Na + and mitochondrial Na + /Ca 2+ exchange
The depletion of e Ca 2+ was shown to be linked to e Na + influx in neuronal cells [3] . Knowing that an increase in i Na + can activate cells and stimulate neurotransmission [13, 14] , we addressed the role of Na + influx in the respiratory response to EGTA. First, the responses of PC12 cells to e Ca 2+ depletion were studied at different concentrations of e Na + . We found that in galactose(+) medium containing 94, 72 and 50 mM of Na + (osmolarity was adjusted to 139 mM with choline chloride) the response was reduced by 30%, 43% and 70%, respectively (Fig. 4A ). This highlighted the critical role of e Na + . Second, confocal imaging of CoroNa Green fluorescence revealed a transient increase of i Na + immediately after EGTA addition (Fig. 4B ). We therefore concluded that the influx of e Na + represents an early event in a cascade of ion fluxes leading to increased O 2 consumption.
To identify the pathways of e Na + entry, we pre-treated PC12 cells with Na + channel inhibitors TTX (0.5-10 μM) and lidocaine (100-300 μM) and activator aconitine (0.5-10 μM), and observed only minor changes in the respiratory response. This shows that transport through selective Na + channels did not play significant role. Similarly, 50-200 μM lamotrigin (inhibitor of ion currents through the NSC) and 200 μM DL-AP7 (antagonist of NMDA receptor) did not alter the response, while double treatment with lidocaine and lamotrigin reduced the response only by 20% (p b 0.01, Fig. 4C ). In contrast, 5 μM SKF96365 (the inhibitor of the receptor operated, store operated and voltage gated Ca 2+ channels, ROC/SOC/VGCC [44, 45] and 10 μM nifedipine (the inhibitor of the L-type VGCC), reduced the respiratory response by ∼50%. This data suggest that e Na + entry through Ca 2+ channels can mediate the response. Similarly, Na + /H + exchangers (NHE) may play a role, since their inhibition with 10 μM EIPA reduced the response by 60%. Indeed, monitoring e Na + influx in cells pre-treated with SKF96365 and EIPA, we observed a decrease in CoroNa Green fluorescence by 30-40% at peak of the response to e Ca 2+ depletion (Fig. 4B) . Noteworthy, SKF96365 shortened the i Na + spike (p b 0.01), whereas EIPA dramatically changed the spatial distribution of probe fluorescence due to intracompartmental accumulation of Na + . Without EGTA, similar increases in extracellular Na + and H + evoked only minor increase in i Na + (Fig. S8) .
The Na + /K + ATPase is known to maintain the ΔΨp by exchanging 3 Na + to 2 K + per each ATP molecule hydrolyzed. Since the Na + /K + ATPase is also responsible for the clearance of the cytosol from Na + , we expected it to contribute to the respiratory response to e Ca 2+ depletion. However, inhibition of the ATPase activity with ouabain caused only insignificant decrease in the response (Fig. S9) .
Elevation of i Na + is known to activate the m Na + /Ca 2+ exchange increasing m Na + and decreasing m Ca 2+ levels [17] . We found that selective inhibition of the m NCX by 25 μM CGP37157 reduced the response to EGTA by ∼ 50% (Fig. 4D) . The fluorescence of mito Case12 probe revealed a slow elevation in m Ca 2+ after CGP37157 treatment and a significant deceleration of m Ca 2+ extrusion after EGTA application, compared to the cells with unaffected m NCX (Fig. 4E, F) . We therefore hypothesized that a significant part of the increase in O 2 consumption was due to the Na + -induced m Ca 2+ transients. If so, this should be influenced by the modulators of i Ca 2+ transport. Indeed, activation of ryanodine receptor channel by 0.1 mM CmC (Fig. S10) or inhibition of the SERCA with 10 μM thapsigargin (both drugs cause depletion of the ER stores and inhibition of inter-compartmental Ca 2+ exchange) transiently increased m Ca 2+ , altered the profile of m Ca 2+ extrusion and reduced the respiratory response to EGTA by ∼40-50%.
Taken together, the results demonstrate that e Na + influx and m Ca 2+ turnover are the main drivers of the spike in O 2 consumption in response to the depletion of e Ca 2+ by EGTA.
Discussion
Here, we describe a new physiological phenomenon-a prominent respiratory response to e Ca 2+ depletion. This response is mediated by the influx of e Na + into the cytosol and the subsequent chain of Na + /Ca 2+ and Na + /H + exchanges in mitochondria. This is particularly pronounced in actively respiring cells, such as neurosecretory PC12 cells and primary CGN. Proposed mechanism of the response is the following (Fig. 5 ). Rapid depletion of e Ca 2+ induces a decrease in i Ca 2+ to a new level and an influx of e Na + which activates the m NCX. Elevated Na + /Ca 2+ exchange causes a partial decrease in m Ca 2+ and an influx of i Na + to the matrix. The excess of m Na + activates the m NHE, which transports protons into the matrix slightly acidifying it (Fig. 2 ). This results in increased outward pumping of protons, electron transport and O 2 consumption. Additionally, cytosol clearance of the excessive Na + requires activation of Na + /K + ATPase, known as a main consumer of ATP in neuronal cells [46] , which also impacts into the increase in respiration (Fig. S9) . The significant drop in i Ca 2+ occurs at rather low levels of residual e Ca 2+ . It is likely that i Ca 2+ is pumped out by the plasma membrane calcium ATPase (PMCA) which has high affinity for i Ca 2+ [47] . In this case, perturbed transmembrane gradient which normally governs Ca 2+ entry allows the cell to pump out i Ca 2+ to a new lower level. Activation of plasma membrane NCX ( p NCX) is another possible mechanism of the reduction in i Ca 2+ , which has been demonstrated for glial cells [48] . Both PMCA and p NCX are the main contributors in the removal of Ca 2+ in PC12 cells [49] .
Under normal conditions, m Ca 2+ uptake is fueled by the influx of e Ca 2+ and Ca 2+ release from intracellular stores. The L-type VGCC supply a large proportion of Ca 2+ needed for periodic excitation of neurons and slower processes such as gene expression [50] . The inhibitory effect of nifedipine ( Fig. 4C) suggests that Ca 2+ transport through the L-type VGCC is important for the generation of respiratory response in PC12. Moreover, impaired Ca 2+ exchange between the mitochondria and ER affects the development of this response, as was shown by the inhibitory effects of thapsigargin and CmC. At the same time, the m NCX acts as a potent mediator between the changes in e Ca 2+ and respiration, since its inhibition by CGP37157 largely reduces the response (Fig. 4D ). After the drop in e Ca 2+ , e Na + flows into the cells and activates the m NCX. Na + influx, in turn, is governed by a number of ion transporting proteins in plasma membrane, the exact roles of which still to be identified. The minor effect of lidocaine, aconitine and TTX indicates that Na + entry into the cells does not rely on specific Na + channels. The NSC also play insignificant role, as their inhibition by lamotrigin does not influence the response. The contribution of SOC which modulate Na + entry [51] , and TRPM7 which passes Na + inside the cell upon the depletion of e Ca 2+ [52] is questionable, since the inhibition of these proteins with 2-APB [53, 54] has no effect on the respiratory response. Increased Na + permeability of VGCC (described for smooth muscle cells [55] ), does not seem to be involved in the i Na + influx in PC12 cells. The same can be concluded about the NMDA receptor, which was inhibited by DL-AP7. Conversely, strong inhibitory effect of SK96365 points to the role of ROC as the main providers of Na + influx. This was confirmed by direct monitoring of i Na + (Fig. 4B,C) . Similarly, strong inhibitory effect of EIPA on both the respiratory response and i Na + levels suggests that plasmalemmal NHE contributes to the respiratory spike ( Fig. 4B,C) . Notably, EIPA also inhibits Na + /H + exchange in mitochondria which may reduce the response. Fast drop in cytosolic pH by 0.1 units after the addition of EGTA (Fig. 2D) can potentially contribute to the respiratory response. However, this mechanism was ruled out, since in the media with higher buffering capacity or reduced Ca 2+ , cytosol acidification was negligible while the respiratory response to EGTA remained unaffected (data not shown). On the other hand, slight decrease in m ΔpH induced by e Ca 2+ depletion (Fig. 2G ) may contribute to the activation Fig. 4 . Depletion of e Ca 2+ triggers the influx of e Na + and activation of the m NCX. A, The respiratory response to 2.5 mM EGTA in galactose(+) medium with low e Na + (osmolarity is balanced with choline chloride) is reduced in a concentration-dependent manner, demonstrating the critical role of e Na + . B, Depletion of e Ca 2+ induces e Na + influx (monitored by confocal microscopy as an increase in CoroNa Green fluorescence), which is down-regulated by pre-treatment with the inhibitor of non-specific Ca 2+ channels SKF96365 (5 μM) and with NHE blocker EIPA (10 μM). C, SKF96365 and VGCC inhibitor nifedipine (10 μM) reduces the respiratory response by ∼50%, EIPA inhibits the response by ∼60%. Double treatment with lidocaine/lamotrigine decreases the response by 20%. D, Inhibition of m NCX with CGP37157 decreases the response by ∼50%. E, Profiles of mito Case12 fluorescence show that of Na + /Ca 2+ exchange, since the optimal pH for m NCX, shown for isolated heart mitochondria, is in the range of 7.5-7.6 [56] .
Energy used to power ATP synthesis and ion transport is stored in the gradients across the inner mitochondrial membrane: PMF (mV) = ΔΨ m − 60ΔpH m . Dissipation of the mitochondrial K + gradients strongly affects the energetic state of mitochondria. Valinomycin and nigericin, which allow transport of K + across the membranes depolarizing ΔΨ m and dissipating ΔpH m respectively, do not reduce the response to EGTA (Fig. 3H ). Only complete elimination of the PMF by the simultaneous treatment with valinomycin and nigericin greatly reduces the response. This suggests that K + currents are not significant for the respiratory response.
Transient increase in respiration observed upon e Ca 2+ depletion is coupled to a reduction in m Ca 2+ . Intriguingly, the opposite process, namely an elevation of m Ca 2+ , is known to activate the dehydrogenases of the Krebs cycle, which provide the ETC with reduced compounds (NADH, FADH2). However, four enzyme complexes: pyruvate dehydrogenase, NAD-isocitrate dehydrogenase, oxoglutarate dehydrogenase and FAD-glycerol phosphate dehydrogenase (the latter is located on the outer surface of the inner mitochondrial membrane and is influenced by c Ca 2+ ) remain active in a wide range of Ca 2+ concentrations [24, 57] . We believe that the level of Ca 2+ extrusion from mitochondria is not sufficient for inhibition of Krebs cycle enzymes. Thus, even in conditions of massive loss of m Ca 2+ upon uncoupling, the Krebs cycle is still capable of feeding the ETC with reduced compounds at high rate. Moreover, respiration can be physiologically up-regulated by a number of factors such as elevation of ADP/ATP ratio, increased ion fluxes, ΔΨm depolarization [22] . In light of a partial loss of Ca 2+ by the mitochondria, we think that the last two factors (demonstrated in this work) can elevate the respiration.
ETC uncoupling by FCCP activates processes directed to the restoration of the ΔΨ m and ΔpH m , including the transport of electrons and proton pumping from the matrix, thus resulting in increased O 2 consumption. We show that at ≤1.5 μM FCCP, uncoupled PC12 cells strongly respond to e Ca 2+ depletion (Fig. 3A,B, Fig. S7 ), and in condition of active glycolytic ATP production (glucose(+) medium) the response increases. This result somehow contradicts to the classical concept of maximal respiration rate in uncoupled mitochondria. However, maximal respiration rate can be reliably achieved with isolated mitochondria, using a buffer with optimal ion/substrate composition and sub-micromolar concentrations of FCCP. For intact whole cells complete uncoupling is not always achievable. Thus, PC12 cells pre-conditioned on galactose steadily increase their respiration over the range of 0.1-3 μM FCCP, while micromolar concentrations of FCCP affect ion gradients across plasma membrane and depolarize it [36] . To avoid side effects, we used ≤1 μM FCCP with PC12 cells, which may not be sufficient for their full uncoupling. Therefore, an increase in respiration in the cells uncoupled by FCCP upon the addition of EGTA is not very surprising. A similar effect of FCCP was reported for the respiratory response of PC12 cells to KCl [26] .
Additionally, acidification of cytosol by ≤0.1 pH units upon e Ca 2+ depletion (see Fig. 2D ) may increase availability of H + to FCCP, thus increasing uncoupling. This mechanism, however, does not comply with the observed 50% inhibition of the response to EGTA by oligomycin in the presence of FCCP. Notably, in galactose(+) medium the uncoupled PC12 cells with impaired glycolytic supply of ATP respond to e Ca 2+ depletion by deep deoxygenation of the cytosol (Fig. 3B) . Mitochondrial uncoupling is implicated in side effects of many drugs resulting in cell and organ-specific toxicity [58] . Marked enhancement of the response to e Ca 2+ depletion by FCCP observed in Fig. 5 . Proposed mechanism by which depletion of e Ca 2+ activates mitochondrial respiration. Depletion of e Ca 2+ induces the entry of Na + into the cells, which is coupled to the transient ΔΨp depolarization by ∼7 mV (see also Fig. 2 ). Clearance of the excessive cytosolic Na + ( c Na + ) by Na + /K+ ATPase (NKA) requires increased ATP supply. Elevation of c Na + activates the m NCX causing the mitochondria to lose Ca 2+ and activating the m NHE. As a result, matrix [H + ] elevates, triggering Ca 2+ release from phosphate complexes and increasing the transport of H + and electrons by the ETC, thus activating O 2 consumption. FCCP dissipates ΔΨ m , reduces ΔpH and accelerates H + and electron transport, thus increasing the respiratory. Neither dissipation of ΔΨ m by valinomycin, nor reduction of ΔpH m by nigericin decreases the response, which is abolished in the absence of PMF. Inhibition of the m NCX by CGP37157 and m NHE by EIPA strongly reduces the response. Inhibition of the F0F1 ATP-synthase with oligomycin has similar effect. Potent inhibitors of the response and their mitochondrial targets are shown in red. Yellow numbers in black boxes indicate the main steps of the response development. this work, illustrates how uncoupling can increase vulnerability of the cells upon excitatory stimulation.
Decreases in e Ca 2+ during repetitive neurotransmission in hippocampus may induce intrinsic high-frequency bursts through persistent influx of Na + [13, 14] , leading to epileptic seizures, energy crisis and damage of the brain [13] . Our results suggest that respiratory spike can be a mechanism for neuronal cells to provide ATP for sustained activation. Although NAD(P)H and ATP levels are not changing during the response (Fig. 2H,I) , the rates of their production and consumption may increase considerably while still remained balanced by feedback control mechanisms. Profound deoxygenation generated in dense populations of neuronal cells upon stimulation with EGTA points to the relevance of this effect for neuronal pathophysiology. Thus, during neuronal hyperactivity or stroke, free e Ca 2+ concentration falls dramatically [1] , so as the supply of glucose and oxygen to the cells [10] . In our model, PC12 cells treated with EGTA also undergo a decrease in e Ca 2+ , i O 2 and plasma membrane potential (Fig. 1, Fig. 2A-C) . Furthermore, applying more cells on top of the monolayer of PC12, we observed an even greater response to EGTA and a profound deoxygenation of the cells even in glucose(+) medium (not shown). Local hypoxia, in turn, may alter gene expression (e.g. via HIF-1 and HIF-2 pathways [11, 59] , survival, apoptosis and excitability of the cells. Possible implications of such respiratory responses should also be considered in physiological experiments under Ca 2+ -free conditions.
